Abstract -This work presents the design, simulation, fabrication and measurement of a novel set of microstrip filters to perform the task of frequency discriminators. These filters' frequency responses are based on the balanced Gray-code. Results show that the use of the balanced Gray-code, as opposed to the traditional Gray-code, allowed 20% circuit size reduction by using 60% less resonators due to a change in the resonators' orientation.
INTRODUCTION
IFM (Instantaneous Frequency Measurement) systems perform frequency estimation over a relatively wide band using frequency discriminators [1] . A commonly utilized frequency discriminator is the interferometer: a device composed by a pair of delay lines with different delays. The interferometer's output signal is a periodical function of the input's signal frequency and the time delays.
In order to create a digital IFM, reduce redundancies and improve resolution, a set of n frequency discriminators can be used. For this solution, the input signal is split into n parts and inserted into the frequency discriminators, producing n output signals whose amplitudes are dependent on the input signal's frequency. The outputs can then be converted into digital information by using microwave detectors and simple A/D (Analog-to-Digital) circuits. The output digital word is the combination of the n bits produced at the output of each frequency discriminator.
Since an interferometer's frequency response is ideally periodical with respect to frequency, a natural choice for a code to represent the output words is the reflected binary code, also known as "Gray-code", as shown in [2, 3] .
On one hand, it is possible to design an n-bit IFM system using a set of multi band stop filters mimicking the frequency response of interferometers [4] . The adoption of such method facilitates the implementation, since filter design techniques are abundant in the literature.
On the other hand, unlike interferometers, filters' frequency responses are not limited to periodical curves. Therefore, any set of digital words can be used to determine the frequency response curves used to design the frequency discriminators (i.e. filters). Particularly, the Balanced Gray-code possesses several advantages, which have been identified conceptually in [5] . The work includes an experimental demonstration of the concept.
The main goal of this work is to present the design, simulation, fabrication and measurement of a set of filters in the role of frequency discriminators while showing that the use of the Balanced Gray-code reduces the size of the devices when compared to a previous solution that uses the Traditional Gray-code solution [6] .
II. DESIGN METHODOLOGY A. Traditional Gray-code Approach
As a first attempt to implement filters as substitutes for interferometers, early designs simply reproduced the frequency response of the interferometers. This way, the frequency responses of the filters were composed of multiple rejected bands represented on Fig. 1a .
Early attempts [6] presented a great advantage when compared to traditional interferometers: each band transition could be controlled independently. In addition to that, two consecutive words on the Gray-code varied by one bit only. This avoids spurious outputs generated by fluctuations on the band transitions.
If filter responses are implemented in accordance with the traditional Gray-code, the rejected bands' bandwidth of each filter is half the bandwidth of its predecessor's rejected bands. Therefore, difficulties can arise when trying to build filters by using this approach due to the fact that the bandwidth of the rejected bands can vary greatly. Implementing the narrowest rejected band filters in one discriminator can be challenging due to the large number of resonators required for such a design as the system resolution increases.
B. Balanced Gray-code Approach
As discussed previously, it is possible to implement the frequency discriminator using any combination of 2n words. Particularly, choosing the balanced Gray-code preserves the avoidance of spurious outputs (by ensuring that only one bit changes at each sub-band transition), while granting that each filter will have an equal number of rejected bands, simplifying the design process. The bands will present less variation on fractional bandwidth.
A set of filters based on the balanced Gray-code possess the frequency response shown in Fig. 1b . This choice can facilitate the filters' implementation, as demonstrated in the next section. 
III. FILTERS' IMPLEMENTATION
In order to make a practical comparison between the traditional and the balanced Gray-code, was implemented a set of microstrip multibandstop filters operating in the S-band to compose a 4-bit IFM system. In total, four filters were designed in accordance with the balanced Gray-code.
The filters were synthesized using open-loop resonators. Such structures present a very narrow bandwidth. The inherent narrow band of the open-loop resonator can be exploited to provide a sharp band transition. By using multiple resonators, a wide rejected band can be achieved.
Another aspect that has been exploited is the orientation of the resonator's gap. Fig. 2 shows two possible configurations: (Fig. 2a) gap facing the transmission line and (Fig. 2b) gap opposing the transmission line. Fig. 2c shows the simulated frequency responses for both configurations. Note that when the gap is opposing the line, both resonant frequency and bandwidth increase. For this application, the configuration shown in Fig. 2b was chosen, since it produces wider rejected bands, therefore, reducing the amount of rings necessary to create the rejected bands. 
A. Balanced Gray-code Filter Implementation
Once the chosen resonator configuration presents a wider bandwidth it was possible to design the filters with less resonators. In contrast to the Traditional Gray-code implementation, the Balanced Gray-code implementation presents a homogenous number of sub bands for each discriminator. Fig. 3 presents the proposed filters' structures, simulated using CST Microwave Studio®. Each group of resonators corresponds to a rejected band in the frequency response. Fig. 4 shows the implemented filters.
The results obtained from the simulations and measurements are shown in Fig. 5 . One can see the good agreement between simulated and measure results. The filters implemented in this paper allowed a reduction of 60% in the total number of resonators when compared to the traditional Gray-code implementation [6] . This resulted in a total size reduction of 20%. Table I shows a comparison between the filters implemented with the traditional Gray-code and the filters presented in this letter.
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IV. CONCLUSION
This paper presented a novel set of filters to be used as frequency discriminators for an IFM system operating at Sband (2-4GHz). By the adoption of the Balanced Gray-code it was possible to reduce the total number of resonators in 60% which led to 20% circuit size reduction. The technique proposed in this paper allows implementing frequency discriminators with equal number of rejected bands per filter.
